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POWER CONDITIONING - 
INVERSION, CONVERSION, AND REGULATIOlY 
Thomas G. Wilson and Edward T. Moore 
Department of Electrical Engineer ing  
Duke U n i v e r s i t y  
Durham , North Caro l ina  
The pr imary  p u r p ~ s e  of t h e  fo l lowing  d i s c u s s i o n  i s  tuo -  
f o l d .  One i s  t o  p r e s e n t  a c r i t i c a l  a n a l y s i s  of p r e s e n t  and p ro -  
j e c t e d  power-condi t ion ing  c a ? a b i l i t i e s  i n  view of a n t i c i p a t e d  needs  
of t h e  Na t iona l  Space Power Program. The o t h e r  is t o  serve as a 
forum by which a t t e n t i o n  i s  drawn t o  t h o s e  f a c e t s  of t h e  e v o l v i n g  
power-condi t ion ing  technology where g r e a t e r  s t i m u l u s  needs  t o  be 
a p p l i e d  i n  o rde r  t o  keep pace with advancements and changing re- 
qui rements  i n  o t h e r  a reas .  The p r e s e n t  d i s c u s s i o n  i s  n o t  in- 
tended  as a t e c h n i c a l  r ev iew of t h e  v a s t  number of components 
and wide v a r i e t y  of c i r c u i t s  i n  use  today.  Emphasis i n s t e a d  h a s  
been p l aced  on c e r t a i n  under ly ing  p r i n c i p l e s  and on several key 
i n g r e d i e n t s  which, t o  d a t e ,  have been and a p p a r e n t l y  w i l l  c o n t i n u e  
t o  be  ra ther  t r u e  gauges of t h e  r a t e  of p r o g r e s s  a t t a i n a b l e  i n  
the area of power condi t ion ing .  
Cont inuing  a b i l i t y  t o  adequa te ly  accomplish t h e  t h r e e  
power-condi t ion ing  f u n c t i o n s  of i n v e r s i o n ,  convers ion ,  and r e g u l a -  
t i o n  a s s u r e s  electrical c o m p a t i b i l i t y  between energy  sources and 
s p a c e c r a f t  i n s t r u m e n t a t i o n  and equipment loads  even though t h e  
sou rce  and loads  a r e  conceived and developed independent ly  of one 
ano the r .  Such a c a p a b i l i t y  enab le s  s o u r c e  and load c h a r a c t e r -  
i s t ics  t o  be opt imized  independent ly  and e n a b l e s  t h e  f r u i t s  of 
a g r e a t  many r e s e a r c h  programs t o  be used  almost immediately wi th -  
out  t h e  c o s t  and d e l a y  which might  be involved  i f ,  f o r  example,  
i t  were necessa ry  t o  re -des ign  an e n t i r e  payload  system around 
t h e  new c h a r a c t e r i s t i c s  of a n  improved energy  source .  S i g h t  
should  n o t  be l o s t ,  however, of t h e  f a c t  t h a t  power c o n d i t i o n i n g  
w i t h i n  a s p a c e c r a f t  i s  c l e a r l y  a f u n c t i o n  which should  be de- 
veloped  and e v a l u a t e d  from t h e  ove ra l l - sys t em p e r s p e c t i v e  where 
s o u r c e ,  power c o n d i t i o n i n g  , and load requi rements  are s imul t aneous ly  
cons idered .  
Power c o n d i t i o n i n g  for s p a c e c r a f t  electrical  systems h a s  
from n e c e s s i t y  been a r a p i d l y  evo lv ing  technology.  Documentation 
of new developments i n  t h e  open l i t e r a t u r e  and i n  t e c h n i c a l  re- 
p o r t s  t o  t h e  government has been q u i t e  r a p i d  and ccmplete .  Since 
much of t h i s  t e c h n i c a l  i n f o n a t i o n  h a s ,  i n  fac t ,  appeared  i n  govern- 
ment r e p o r t s  r a t h e r  t h a n  i n  p r o f e s s i o n a l  j o u r n a l s ,  two e s p e c i a l l y  
v a l u a b l e  sources of in format ion  a r e  t h e  a b s t r a c t i n g  and p u b l i c a -  
t i o n  s e r v i c e s  of t h e  Defense Documentation Center  and NASA's 
Office of S c i e n t i f i c  and Technical  Informat ion .  
an examinat ion  of p r o g r e s s  t o  d a t e  i n  t h e  area of power c o n d i t i o n i n g  
Two o b s e r v a t i o n s  are of such  p a r t i c u l a r  s i g n i f i c a n c e  i n  
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t h a t  t h e y  b e a r  s t a t i n g  be fo re  e n t e r i n g  i n t o  a more d e t a i l e d  
analysis .  They are: 
(1) I t  i s ,  fundamental ly ,  t h e  i n t r o d u c t i o n  of new and 
improved swi t ch ing  e lements  t h a t  opens t h e  door  
t o  i n c r e a s e d  power-condi t ion ing  c a p a b i l i t i e s .  T h a t  
i s ,  t h e  swi t ch ing  element  i s  t h e  l i m i t i n g  fac tor  
i n  t h e  l a s t  a n a l y s i s ,  and sets l i m i t s  on s i z e / w e i g h t ,  
c u r r e n t ,  v o l t a g e  , and power c a p a b i l i t i e s  x!i;ich caig 
be approached through s o p h i s t i c a t e d  d e s i g n ,  h u t  
neve r  exceeded, Moreover, t h e  c h a r a c t e r i s t i c s  of 
t h e  swi t ch ing  e lement  e n t e r  d i r e c t l y  and i n d i r e c t l y  
i n t o  t h e  system r e l i a b i l i t y  c o n s i d e r a t i o n s .  
(2 )  Perhaps t h e  most l agg ing  a s p e c t  of power-condi t ion ing  
technology a t  p r e s e n t  i s  t h a t  of r e l i a b i l i t y .  By 
t h i s  i s  meant t h e  f a i l u r e  t o  c o n s i s t e n t l y  ach ieve  
i n  o p e r a t i o n a l  power-condi t ion ing  systems a r e l i a b i l i t y  
t h a t  approaches what one might a n t i c i p a t e  from con- 
s i d e r a t i o n  of t h e  r e l i a b i l i t y  of t h e  component d e v i c e s  
themselves ,  
Ob jec t ives  Of Power Condi t ion ing  
The fundamental  purpose of power c o n d i t i o n i n g  is  t o  p r o -  
v i d e  by  e x t e r n a l  means the  n e c e s s a r y  c o m p a t i b i l i t y  between energy-  
s o u r c e  c h a r a c t e r i s t i c s  and load r equ i r emen t s  when and i f  r e a s o n s  
e x i s t  which p rec lude  t h e  achievement of t h i s  c o m p a t i b i l i t y  th rough 
more d i r e c t  des ign  approaches,  such as ,  f o r  example, by modify- 
i n g  o r  c o n t r o l l i n g  t h e  source c h a r a c t e r i s t i c s  or  load r e q u i r e -  
ments.  These  r easons  o f t e n  i n c l u d e  n o t  o n l y  fundamental  elec- 
t r i c a l  c o n s i d e r a t i o n s ,  such a s  t h e  requirement  t o  o p e r a t e  a-c equ ip -  
ment i n  a s p a c e c r a f t  whose pr imary  source  of ene rgy  p r o v i d e s  d i r e c t  
current,  b u t  a l s o  such o t h e r  c o n s i d e r a t i o n s  a s  w e i g h t / s i z e ,  
e f f i c i e n c y ,  c o s t ,  and p r o t e c t i o n .  For example, i t  i s  o f t e n  a 
g r e a t  d e a l  more e f f i c i en t  and economical  t o  d e s i g n  e l e c t r o n i c  
equipment f o r  o p e r a t i o n  from a w e l l ' r e g u l a t e d  v o l t a g e  t h a n  from 
a wide ly  v a r i a b l e  v o l t a g e ,  
I t  cannot  be emphasized t o o  s t r o n g l y  t h a t  power c o n d i t i o n -  
i n g  i s  fundamenta l ly  a "systems" concept ,  Any g iven  system, 
s h o u l d  be  p lanned  and a l l  d e c i s i o n s  made with a f u l l  r e c o g n i t i o n  
of t h e  v e r y  d e f i n i t e  t r a d e - o f f  p o s s i b i l i t i e s  e x i s t i n g  between 
e f f i c i e n c y ,  s i z e / w e i g h t ,  r e g u l a t i o n ,  f r e q u e n c i e s ,  convenience ,  
r e l i a b i l i t y ,  etc. Usua l ly  t h e r e  i s  c o n s i d e r a b l e  d i f f e r e n c e  be-  
tween what i t  i s  p o s s i b l e  t o  accomplish i n  t h e  way of power con- 
d i t i o n i n g  i n  a g iven  s i t u a t i o n  and what i t  is  advantageous from 
t h e  systems p e r s p e c t i v e  t o  a c t u a l l y  r e q u i r e .  Somewhere a know- 
l e d g e a b l e  a u t h o r i t y  h a s  t o  weigh t h e  v a r i o u s  compromises and 
make d e c i s i o n s  which r e p r e s e n t  a r e a s o n a b l e  ba l ance  between con- 
veniences for i n d i v i d u a l  subsystem d e s i g n e r s  and o v e r a l l  system 
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r equ i r emen t s ,  Misuse of t h e  c a p a b i l i t i e s  a f fo rded  by power- 
c o n d i t i o n i n g  developments i s  i t se l f  a p o t e n t i a l  problem a r e a .  
For example, i t  i s  obviously unwise t o  acquiesce  t o  a motor de -  
s i g n e r s s  r e q u e s t  f o r  sine-wave power r a t h e r  than  square-wave power 
i n  an  i n s t a n c e  wherein t h e  only advantage t o  be ga ined  would be 
a smal l  r educ t ion  i n  motor hea t ing  and s i z e  i f ,  a s  a r e s u l t ,  t h e  
weight  of an i n v e r t e r  and i t s  f i l t e r  had t o  be i n c r e a s e d  by an 
amount which c a n c e l l e d  t h e  savings a n t i c i p a t e d  f o r  t h e  motor. 
Niceties such as s t a t e - o f - t h e - a r t  p r e c i s i o n  i n  v o l t a g e  r e g u l a t i o n  
and low-harmonic-content a - c  o u t p u t s ,  though a t t ra r t i -ve  f r n m  *,fie 
j u s t i f i e d  i n  an o v e r a l l  systems a n a l y s i s .  
. . _ . - * . - - - - 4  v i u w y u i ~ l ~ a  oi i n d i v i d u a l  subsystem d e s i g n e r s  , are  n o t  n e c e s s a r i l y  
Scant l i t e r a t u r e  e x i s t s  which focuses  s u f f i c i e n t  a t t e n t i o n  
upon t h e  o v e r a l l  systems c o n s i d e r a t i o n s  which are  i n h e r e n t  i n  
power c o n d i t i o n i n g  work . 1 8 2 
The o r e  t-i c a l  Con s i  d e r  a t  i ons 
The f u n c t i o n s  of  i n v e r s i o n  (changing d i r e c t  c u r r e n t  t o  
a l t e r n a t i n g  c u r r e n t )  , conversion (changing d i r e c t  c u r r e n t  d e r i v e d  
a t  one v o l t a g e  l e v e l  t o  d i r e c t  c u r r e n t  a v a i l a b l e  a t  ano the r  v o l t -  
age l e v e l )  , and r e g u l a t i o n  ( c o n t r o l l i n g  t h e  magnitudes of s p e c i f i c  
v o l t a g e s  and c u r r e n t s )  a re  c l o s e l y  r e l a t e d  from a t h e o r e t i c a l  
v iewpoin t .  Except i n  t h e  s p e c i a l  case w h e r e i n  d - c  t o  d - c  con- 
v e r s i o n  from a h ighe r  t o  a lower  v o l t a g e  i s  accomplished simply 
by d i s s i p a t i n g  energy a c r o s s  a dropping e lement ,  d - c  t o  d-c  con- 
v e r s i o n  invo lves  t h e  f u n c t i o n  of i n v e r s i o n ,  i n  i t s  b r o a d e s t  s e n s e ,  
as an i n t e r m e d i a t e  s t e p .  Furthermore,  t h e  r e g u l a t i o n  o f  d i r e c t  
c u r r e n t s  and v o l t a g e s  i s  a process  which i n h e r e n t l y  r e q u i r e s  
e i t h e r  ( a )  a c o n t r o l l a b l e  r educ t ion  i n  v o l t a g e  between t h e  i n p u t  
and ou tpu t  of t h e  r e g u l a t o r  accomplished s o l e l y  by a d i s s i p a t i o n  
of energy ,  o r  (b) t h e  i n t r o d u c t i o n  of an a -c  component of  v o l t a g e  
and c u r r e n t ,  i . e ,  t h e  i n t r o d u c t i o n  of i n v e r s i o n ,  as an i n t e r -  
mediate  s t e p  i n  t h e  r e g u l a t i o n  p r o c e s s o  
Thus , g e n e r a l l y  speaking,  t h e  fundamental  t e c h n o l o g i c a l  
problems encountered i n  i nve r s ion ,  conve r s ion ,  and r e g u l a t i o n  
systems a re  t h e  sameo C e r t a i n  b a s i c  p r i n c i p l e s  d i c t a t e  s p e c i f i c  
c h a r a c t e r i s t i c s  which must be a p a r t  of any such system i f  t h e  
system i s  t o  be p h y s i c a l l y  r e a l i z a b l e ,  For example, i t  may be 
proven t h a t  a system which does n o t  have a t  l e a s t  one a c t i v e  
r e s i s t o r  ( swi t ch ing  element)  connected s o  a s  t o  form a series p a r t  
of some s imple  c losed  c i r c u i t  which c o n t a i n s  a d i r e c t - c u r r e n t  
sou rce  of energy  b u t  no c a p a c i t o r s  cannot  cause any of t h e  power 
provided  by t h e  d i r e c t - c u r r e n t  sou rce  t o  be conver ted  t o  power i n  
t h e  form o f  a l t e r n a t i n g  c u r r e n t s  and vo l t ages .3  C l e a r l y ,  t h e  
r o l e  played by swi t ch ing  elements i n  power-condi t ion ing  technology 
is  a permanent and v i t a l  one,  
P resen t  systems operated from d i r e c t - c u r r e n t  energy  s o u r c e s  
g e n e r a l l y  depend on i n d u c t i v e  phenomena as t h e  b a s i s  of v o l t a g e  
s t ep -up  o r  n o n - d i s s i p a t i v e  v o l t a g e  step-down, Such systems must 
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be  o s c i l l a t o r y  i n  n a t u r e  due t o  t h e  f i n i t e  f l u x  and energy  
c a p a c i t y  of i n d u c t i v e  elements .  
e lements  f o r  a given system w i l l  b e  ' d i c t a t e d  n o t  on ly  by t h e  
i n t r i n s i c  c a p a b i l i t i e s  per  u n i t  volume of t h e  i n d u c t i v e  element , 
b u t  a l so  by t h e  maximum frequency,  as determined by a v a i l a b l e  
swi t ch ing  e lements  o r  o ther  l i m i t a t i o n s ,  a t  which t h e  element may 
be opera ted .  
conve r s ion ,  such as p i e z o e l e c t r i c  effects  o r  d i e l e c t r i c  effects 
i n v o l v i n g  f e r r o e l e c t r i c s  , a l s o  must be used i n  o s c i l l a t o r y  
sys tems and a l s o  a r e  s u b j e c t ,  t h e r e f o r e  t c  t h e  c z p ~ h i ? i t i e s  GI' 
avai i&ie swi tch ing  elements, if such systems a r e  t o  be powered 
from d-c  sources .4  
The necessa ry  s i ze  of such 
Other  phenomena p o t e n t i a l l y  u s e f u l  f o r  v o l t a g e  
To anyone working wi th  t h e  v a r i o u s  concepts  and approaches 
a s s o c i a t e d  with t h e  des ign  of v o l t a g e  c o n v e r t e r s  and systems fo r  
i n v e r s i o n  and r e g u l a t i o n ,  c e r t a i n  a d d i t i o n a l  t r u t h s  make them- 
s e l v e s  f e l t .  Often,  a l though they  c o n s i s t e n t l y  make themselves  
f e l t  i n  t h e  success  o r  f a i l u r e  of v a r i o u s  des ign  concep t s ,  these 
fundamental  p r i n c i p l e s  a r e  recognized  only i n  a s e m i - i n t u i t i v e  
manner. Some formal s tudy  on a very  fundamental  l e v e l  of t h e  
c h a r a c t e r i s t i c s  and i n t r i n s i c  requi rements  of p h y s i c a l l y  real- 
i z a b l e  convers ion ,  i nve r s ion ,  and r e g u l a t i o n  sys tems would appear  
l i k e l y  to be f r u i t f u l  i n  t h e  e s t a b l i s h m e n t  of rea l i s t ic  long- 
term g u i d e l i n e s  and g o a l s  f o r  f u t u r e  component and system re- 
s e a r c h  i n  these a r e a s ,  
Technologica l  Trends 
To d a t e  , t h e  envi ronmenta l  requi rements  imposed on power- 
c o n d i t i o n i n g  c i r c u i t r y  i n  s p a c e c r a f t  have been r a t h e r  mi ld  and 
w e l l  w i t h i n  e x i s t i n g  c a p a b i l i t i e s  , The pr imary  des ign  q u e s t i o n  
h a s  been "How can i t  be done bes t ?"  r a t h e r  than  'Tan it be done 
adequa te ly  a t  a l l ? "  This  s i t u a t i o n ,  however, i s  beginning  t o  
change. Pr imary reasons  f o r  t h e  change inc lude :  
1. The for thcoming needs f o r  t h e  use of cons ide rab ly  
h i g h e r  l e v e l s  of power--Power requi rements  f o r  space  
v e h i c l e s  a r e  expec ted  t o  con t inue  t h e i r  r a p i d  r a t e  
of i n c r e a s e ,  w i t h  power l e v e l s  i n  excess of one 
megawatt n o t  t o o  u n l i k e l y  w i t h i n  t h e  n e x t  t e n  yea r s .  
These requirements  , i n c l u d i n g  adequate  p r o t e c t i o n  
sys tems,  w i l l  have t o  be m e t  w i t h  even more s t r i n g e n t  
r e l i a b i l i t y  requi rements  t han  encountered  today. I t  
i s  d e s i r a b l e ,  t h e r e f o r e  , t h a t  these requi rements  be 
met w i t h  s o l i d - s t a t e  power-condi t ion ing  systems.  
2, The c h a r a c t e r i s t i c s  of t h e  va r ious  new p r imary  sources 
of e lectr ical  energy--  Tliermionic g e n e r a t o r s  , thermo- 
e lec t r ic  g e n e r a t o r s  , n u c l e a r  t h e r m o e l e c t r i c  g e n e r a t o r s  e 
magnetohydrodynamic (MHD) g e n e r a t o r s  , and fuel  cells 
are very  r a p i d l y  emerging from a p r i m a r i l y  r e s e a r c h  
and development phase i n t o  r o l e s  of p r a c t i c a l  impor t -  
ance i n  t h e  gene ra t ion  of electric power. With each 
- 5 -  
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such new power-generat ion system comes new power- 
c o n d i t i o n i n g  problems. For example,  e f f i c i e n t  
u t i l i z a t i o n  of a one -vo l t ,  1000-ampere d i r e c t -  
c u r r e n t  ou tpu t  from a t h e r m i o n i c  g e n e r a t o r  ob- 
v i o u s l y  poses  problems, a s  does  t h e  u t i l i z a t i o n  
of a 1500-vol t  d i r e c t - c u r r e n t  ou tpu t  of a blHD 
gene ra  t o r .  
Environmental  f a c t o r s  - -  Tn accordance with t h e  
systems o b j e c t i v e s ,  i t  i s  t o  be  a n t i c i 7 a t e d  t h a t  
the use or' new energy  s o u r c e s  will impose new en-  
v i ronmenta l  f a c t o r s  upon power c o n d i t i o n i n g  systems. 
For example, it w i l l  p robab ly  be q u i t e  advantageous 
t o  be a b l e  t o  ope ra t e  power-condi t ion ing  c i r c u i t r y  
a t  a b a s e - p l a t e  t empera tu re  of 1 5 0 ° C  t o  250°C as 
m i g h t  be d i c t a t e d  by t h e  t em2era tu re  of t h e  c o o l a n t  
f o r  a n u c l e a r  r e a c t o r .  Moreover, cer ta in  mis s ion  
r equ i r emen t s  a l s o  will s t r o n g l y  i n f  h e n c e  t h e  
o p e r a t i o n a l  environment of t h e  power system, As an  
example, a s p a c e c r a f t  t o  e x p l o r e  t h e  v i c i n i t y  of a 
h o t  body, such a s  t h e  sun ,  may r e q u i r e  e n t i r e l y  new 
concep t s  of  power conve r s ion  t o  e n a b l e  o p e r a t i o n  a t  
t e m p e r a t u r e s  on t h e  o r d e r  of a thousand d e g r e e s  
c e n t i g r a d e ,  Temgerature and r a d i a t i o n  environments  
t o  be encountered  as a r e s u l t  of t h e  space v e h i c l e  
mis s ion  o r  power g e n e r a t i o n  system appear  t o  o f fe r  
s e v e r e  cha l l enges  . 
4. The effect  of r a p i d  chan9es i n  t e c h n i c a l  r equ i r emen t s  
upon power-system r e l i a b i l i t y  - -  Many of t h e  s w i t c h -  
i n g  e l emen t s  and o t h e r  components , which w i l l  have 
t o  be developed t o  make p o s s i b l e  cont inued  adequate  
power-condi t ion ing  c a p a b i l i t i e s  , unavoidably  w i l l  be 
v e r y  c o s t l y  spec ia l -pu r2ose  d e v i c e s  which are manu- 
f a c t u r e d  i n  l i m i t e d  q u a n t i t i e s .  T y p i c a l l y ,  l i t t l e  
economic s t i m u l i ,  a s i d e  from t h a t  r e s u l t i n g  from t h e  
s p e c i a l i z e d  needs  of s p a c e / m i l i t a r y  power c o n d i t i o n -  
i n g ,  w i l l  ex i s t  t o  encourage t h e  development,  manu- 
f a c t u r e ,  and t h e  g e n e r a t i o n  of adeaua te  r e l i a b i l i t y  
a s s u r a n c e  f o r  t h e  more s p e c i a l i z e d  of t h e s e  e lements .  
F u r t h e r ,  t h e  m a j o r i t y  of these power c o n d i t i o n i n g  
systems are l i k e l y  n o t  on ly  t o  employ newly developed 
components b u t  a l s o ,  as sys tems,  t o  embody s i g n i f i -  
c a n t  new d e s i g n  approaches.  C l e a r l y ,  t h e  adequate  
s p e c i f i c a t i o n  and a s su rance  of r e l i a b i l i t y  will be-  
come an i n c r e a s i n g l y  formidable  problem. Timing, i.e. 
adequate  long-range p l a n n i n g  i n  c o r r e c t  a n t i c i p a t i o n  
of f u t u r e  requi rements ,  i s  a key i n g r e d i e n t  of t h e  
n e c e s s a r y  r e l i a b i l i t y  e f f o r t s .  
Component Development 
In  t h e  p a s t ,  t h e  c a p a b i l i t i e s  of a v a i l a b l e  s o l i d - s t a t e  
s w i t c h i n g  elements have been t h e  most l i m i t i n g  c o n s i d e r a t i o n s  i n  
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e x t e n d i n g  t h e  c a p a b i l i t i e s  of power c o n d i t i o n i n g  equipment. 
g e n e r a l ,  t h i s  s i t u a t i o n  con t inues  today. Semiconductor rect i -  
f i c a t i o n  and swi t ch ing  e lements ,  though t h e y  have undergone a 
c o n t i n u i n g  e v o l u t i o n  i n  r e l i a b i l i t y ,  speed ,  degree  of immunity 
t o  t r a n s i e n t s ,  u s e a b l e  temperature  range ,  and power-handling 
c a p a c i t y ,  are s t i l l  t h e  most l i m i t i n g  components i n  power con- 
d i t i o n i n g  c i r c u i t s .  However, i t  i s  encouraging t o  n o t e  t h e  p a s t  
and p r e s e n t  ra te  of p r o g r e s s  i n  t h e  semiconductor-device a rea .  
And, f o r  t h e  f i r s t  time, s e r i o u s  concern i s  beinz shown l e s t  the 
c a p a b i l i t i e s  of semiconductor d e v i c e s  over run  t h o s e  of t h e  mag- 
n e t i c  and c a p a c i t i v e  elements  n e c e s s a r y  f o r  t h e s e  c i r c u i t s .  
I n  
Semiconductor Elements , Act ive  Devices. P r o g r e s s  i n  
static-power-conditionlng c a p a b i l i t y ,  i o r  fundamental  r easons  
r e f e r r e d  t o  p r e v i o u s l y ,  has  always been geared  d i r e c t l y  t o  
p r o g r e s s  i n  t h e  development o f  more adequate  s t a t i c  s w i t c h i n g  
d e v i c e s .  
duced, c i r cu i t  development h a s  u s u a l l y  been swif t ,  such t h a t  a t  
l e a s t  sone of t h e  advantages o f f e r e d  by t h e  new element  are r a p i d l y  
u t i l i z e d .  
a v a i l a b l e  swi t ch ing  d e v i c e s  a re  i n t e g r a t e d  i n t o  power c o n d i t i o n i n g  
sys tems compromises r e l i a b i l i t y  f o r  t h e  sake  of t h e  added e f f i -  
c i e n c y ,  o r  power-handling c a p a c i t y ,  o r  h ighe r - f r equency  c a p a b i l i -  
t i e s  o f f e r e d  by t h e  c h a r a c t e r i s t i c s  of t h e  new swi t ch ing -dev ice  
development. The r e l i a b i l i t y  compromise may be a r e s u l t  of poor  
system d e s i g n  by e n g i n e e r s  no t  y e t  s u f f i c i e n t l y  s e n s i t i v e  t o  t h e  
v u l n e r a b i l i t i e s  of an u n f a m i l i a r  e lement ,  or may 'be a r e s u l t  of 
weakness i n h e r e n t  i n  t h e  new swi t ch ing  element  i t s e l f .  
s t a n d a b l e  t e m p t a t i o n  e x i s t s  on t h e  p a r t  of t h e  system d e s i g n e r  
toward t a k i n g  immediate advantage of s i g n i f i c a n t  system-perform- 
ance improvements o f f e r e d  by a new e l emen t ,  wi th  t oo  l i t t l e  con- 
cern o f t e n  be ing  g iven  t o  t h e  meager r e l i a b i l i t y  a s su rance  which 
is so q u i c k l y  a v a i l a b l e .  
When new or improved s w i t c h i n g  e lements  have been i n t r o -  
Of ten ,  i n  f a c t ,  t h e  v e r y  r a p i d i t y  w i t h  which newly 
A n  under-  
Though t h e  semiconductor i n d u s t r y  i s  l i t t l e  over  t e n  
y e a r s  o l d ,  i t s  t e c h n o l o g i c a l  p r o g r e s s  has  been such  t h a t ,  t oday ,  
semiconductor  d e v i c e s  a r e  among t h e  most r e l i a b l e  components used  
i n  e lec t r ica l  systems.  
h a n d l i n g  r e c t i f i c a t i o n  and swi t ch ing  d e v i c e s  of e v e r  g r e a t e r  
p o w e r - c o n t r o l l i n g  c a p a b i l i t i e s  h a s  been ex t r eme ly  r a p i d .  
t h e  h i g h  v o l t a g e s  and c u r r e n t s  and, p a r t i c u l a r l y ,  t h e  h igh-energy  
t r a n s i e n t s  t y p i c a l l y  encountered  i n  power-condi t ion ing  c i rcui ts  
have been and c o n t i n u e  to be T a r t i c u l a r l y  fo rmidab le  o b s t a c l e s .  
O t h e r  c h a l l e n g e s  which are growing more a c u t e  i n c l u d e  t h e  deve lop-  
ment of d e v i c e s  f o r  e v e r  h ighe r - t empera tu re  o p e r a t i o n  and f o r  
o p e r a t i o n  i n  a v e r y  h i g h - r a d i a t i o n  environment ,  such  as might  
be encoun te red  by an a n t i - m i s s i l e  missile or encoun te red  i n  close 
p r o x i m i t y  t o  a n u c l e a r  r e a c t o r .  
P rogres s  i n  t h e  development of power- 
However, 
Semiconductor rec t i f ie rs  p l a y  roles i n  power-condi t ion ing  
systems which are complementary t o  and as fundamental  as t h e  
roles of t h e  s w i t c h i n g  elements .  However, semiconductor  recrifiers 
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have always been a v a i l a b l e  with c a p a b i l i t i e s  which s i g n i f i c a n t l y  
excel t h o s e  of s imul taneous ly  ava i l ab le  swi t ch ing  elements. 
Rect i f ier  elements , i nvo lv ing  only  one p-n j u n c t i o n ,  are u s u a l l y  
much s i m p l e r  t o  f a b r i c a t e  than swi t ch ing  e lements  of comparable 
r a t i n g s .  I n  a d d i t i o n ,  r e c t i f i e r  charac te r i s t ics  are such t h a t  
u n l e s s  i t s  v o l t a g e  r a t i n g s  a re  exceeded,  t h e  dev ice  i n h e r e n t l y  
a lways o p e r a t e s  i n  a c o n d i t i o 2  o f  ~ O V J  d i s s i p a t i o n  r e l a t i v e  t o  
t h e  power i t  c o n t r o l s .  Rectifiers are now a v a i l a b l e  wi th  con- 
t r o l l e d  ava lanche  c h a r a c t e r i s t i c s  such t h a t ,  even if t h e i r  v o l t -  
i e n t l y  h i g h  d i s s i p a t i o n  wi th in  t h e  d e v i c e  i s  well d i s t r i b u t e d  
o v e r  t h e  r ec t i f i e r  j u n c t i o n  and much less l i k e l y  t o  be d e s t r u c t -  
i v e  t o  t h e  dev ice .  Although i s o l a t e d  needs ,  e.g. t h e  p r e s e n t  
need f o r  a*  r ec t i f i e r  w i t h  a very  low forward-conduct ion v o l t a g e  
d rop  t o  e n a b l e  e f f i c i e n t  usage i n  v e r y  low v o l t a g e  c i rcui ts ,  will 
from time t o  time become p a r t i c u l a r l y  t roublesome,  it a p p e a r s  
t h a t  rec t i f ie rs  w i l l  cont inue  t o  outpace swi t ch ing  e lements  i n  
b o t h  e lec t r ica l  c a p a b i l i t i e s  and envi ronmenta l  c a p a b i l i t i e s . .  
P r e s e n t l y  a v a i l a b l e  semiconductor swi t ch ing  e lements  may 
be conven ien t ly  grouped i n t o  two c a t e g o r i e s :  (1) Those d e v i c e s  
w i t h  con t inuous ly  v a r i a b l e  impedances, and ( 2 )  t hose  d e v i c e s  
wi th  b i s t a b l e  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s .  
The pr imary  examples o f  d e v i c e s  i n  t h e  f i r s t  c a t e g o r y  are 
power t r a n s i s t o r s .  O t h e r  dev ices  e x i s t  which r i g h t f u l l y  be long  
i n  t h i s  ca t egory ,  such as p h o t o - e l e c t r i c  d e v i c e s  and Hall-effect 
o r  m a g n e t o - r e s i s t i v e  elements .  C e r t a i n  of t h e s e  o t h e r  p o s s i b l e  
f i r s t - c a t e g o r y  device  t y p e s  have, i n  f a c t ,  been s t u d i e d  wi th  t h e  
s p e c i f i c  o b j e c t i v e  of e v a l u a t i n g  t h e i r  p o s s i b i l i t i e s  as power- 
s w i t c h i n g  e l emen t s ,  b u t ,  a s  y e t ,  t h e  t r a n s i s t o r  c e r t a i n l y  h a s  no 
s e r i o u s  c h a l l e n g e r . 5 ~ 6  
age-hlcctinm --+;*-- t - - : b a z ; a  a ~ c :  --- u ~ i e f i y  - - -  exceeded, t h e  r e s u l t i n g  t r a n s -  
- 
P r e s e n t l y  a v a i l a b l e  b i s t a b l e  semiconductor  s w i t c h i n g  ele- 
ments i n c l u d e  v a r i o u s  dev ices  u s i n g  t h e  b a s i c  PNPN s t r u c t u r e  of 
t h e  c o n t r o l l e d  r e c t i f i e r  ( c o n t r o l l e d  rec t i f ie rs  , g a t e  c o n t r o l l e d  
s w i t c h e s ,  g a t e l e s s  anode-cont ro l led  PNPN swi t ches )  , f i v e - l a y e r  
symmetr ical  s w i t c h e s ,  and tunne l  d iodes .  To d a t e ,  t h e  PNPN- 
s t r u c t u r e d , b i s t a b l e  dev ices  , and p a r t i c u l a r l y  t h e  c o n t r o l l e d  
r ec t i f i e r ,  have been t h e  dev ices  of pr imary  i n t e r e s t  i n  t h i s  
c a t e g o r y  . 
Though t h e  t r a n s i s t o r  i s  a dev ice  whose impedance can be  
made to vary ove r  a wide range,  i n  power-condi t ion ing  circuits 
it i s  normally ope ra t ed  only  i n  ve ry  h igh  and ve ry  low impedance 
states and i s  swi tched  between t h e  ve ry  h igh  and t h e  v e r y  low 
impedance s t a t e s  as r a p i d l y  as p o s s i b l e .  The speed a t  which 
t h i s  swi t ch ing  can be made t o  occur  i s  one of t h e  pr imary  ad- 
v a n t a g e s  of t r a n s i s t o r s  as conpared t o  o t h e r  s w i t c h i n g  e lements .  
As t h e  r e s u l t  of t h e  recent a p p l i c a t i o n  of improved d i f f u s i o n  p ro -  
cesses and o t h e r  new manufactur ing t echn iques  i t  h a s  been p o s s i b l e  
t o  reduce  p o w e r - t r a n s i s t o r  swi tch ing  i n t e r v a l s  from times on t h e  
o r d e r  of several  microseconds t o  t imes on t h e  o r d e r  of t e n t h s  of 
a m i c r o s e c o n d . 7 d  Such i n c r e a s e d  swi t ch ing  speeds have , of course, 
. 
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made p r a c t i c a l  much h i g h e r  f requency  o p e r a t i o n  o f  r e g u l a t o r s  and 
c o n v e r t e r s  As mentioned p r e v i o u s l y ,  f r e q u e n c i e s  (10 kc and above) 
a r e  now becoming p r a c t i c a l ,  from a swi tch ing-e lement  v iewpoin t ,  
which begin t o  s t r a i n  t h e  l i m i t a t i o n s  of t h e  o t h e r  c i r c u i t  com- 
ponents .  And a s  w i l l  be  mentioned aga in  i n  a fo l lowing  s e c t i o n ,  
such  s i g n i f i c a n t l y  i n c r e a s e d  f r equency  c a p a b i l i t i e s  i n  t r a n s i s t o r s ,  
and t o  a lesser e x t e n t  i n  PNPN d e v i c e s ,  b r i n g s  i n t o  q u e s t i o n  the 
u s e  of  t h e  t r a d i t i o n a l  400-cps f requency  as a s t a n d a r d  for t h e  
a-c p o r t i o n s  of s p a c e c r a f t  e l e c t r i c a l  power systems.  
e x p e r i m e n t a l  b a s i s ,  wi th  c u r r e n t  r a t i n g s  as h igh  as 100 amperes, 
megacycle a l p h a  c u t - o f f  f r e q u e n c i e s ,  and s a t u r a t i o n  r e s i s t a n c e s  
as low as 0.001 ohmO9 Commercial s i l i c o n  power t r a n s i s t o r s  are 
a v a i l a b l e  w i t h  500-vo l t  r a t i n g s .  
d e v i c e s  a t  p r e s e n t  i s  i n  t h e  low-vol tage h i g h - c u r r e n t  range ,  
Reasons f o r  t h e  r a p i d  t r e n d  toward s i l i c o n  d e v i c e s  have inc luded ,  
p r i m a r i l y ,  t h e  h i g h e r  tempera ture  c a p a b i l i t i e s  o f f e r e d  by t h e s e  
d e v i c e s  and t h e  r e c e n t  developments i n  dev ice  d e s i g n  and manu- 
f a c t u r i n g  technology which have allowed these  c a p a b i l i t i e s  t o  be 
r e a l i z e d .  Apparent ly ,  some f u r t h e r  e x t e n s i o n s  of t h e  p r e s e n t  
upper  t empera tu re  l i m i t a t i o n s  of  around t 5 G ° C  f o r  s i l i c o n  d e v i c e s  
w i l l  be p o s s i b l e  through f u r t h e r  r e f inemen t  of i n t e r n a l - c o n n e c t i o n  
t echn iques  and o t h e r  mechanical problem a r e a s .  However, f o r  
operat i .on a t  t empera tu res  cons ide rab ly  above l5Oo t o  200°C it 
appea r s  n e c e s s a r y  t o  look toward t h e  u s e  of o t h e r  semiconductor  
materials wi th  more s u i t a b l e  energy-band s t r u c t u r e s ,  S i l i c o n  
c a r b i d e  i s  an of ten-mentioned semiconductor  w i t h  a t t r a c t i v e  h igh  
tempera ture  p o s s i b i l i t i e s .  
S i l i c o n  t r a n s i s t o r s  a re  now a v a i l a b l e ,  p r i m a r i l y  on an 
The pr imary  i n t e r e s t  i n  germanium 
Though t h e r e  i s  a l a r g e  r e g i o n  i n  which t h e  c a p a b i l i t i e s  
of t r a n s i s t o r s  and PNPN dev ices  o v e r l a p ,  d e s i g n  t r e n d s  have shown 
a pronounced p r e f e r e n c e  toward u s i n g  power t r a n s i s t o r s  f o r  t h o s e  
power c o n d i t i o n i n g  a p p l i c a t i o n s  well  w i t h i n  t h e i r  c a p a b i l i t i e s  and 
u s i n g  t h e  v a r i o u s  b i s t a b l e  PNPN s w i t c h i n g  d e v i c e s  f o r  a p p l i c a t i o n s  
i n v o l v i n g  r equ i r emen t s  which t end  t o  exceed  the v o l t a g e  and/or  
c u r r e n t  c a p a b i l i t i e s  of t r a n s i s t o r s .  C o n t r o l l e d  rec t i f ie rs ,  for 
example, are p r e s e n t l y  a v a i l a b l e  i n  v o l t a g e  r a t i n g s  of 1300 v o l t s  
( I R C  Type 70RE130) and c u r r e n t  r a t i n g s  of 470 amperes ( G E  Type 
GRW71H), a l though t h e s e  r a t i n g s  are n o t  p r e s e n t l y  a v a i l a b l e  i n  t h e  
same device .  Among t h e  d i f f i c u l t i e s  which have d i scouraged  more 
widespread use of t h e s e  devices  and o f t e n  made t r a n s i s t o r s  appear  
more a t t r a c t i v e  i n  s i t u a t i o n s  where a c h o i c e  e x i s t s  are t h e  foliow- 
ing :  (1) T r a n s i s t o r s  o f f e r  cons ide rab ly  fas te r  swi t ch ing  speeds ,  
( 2 )  t h e  complexi ty  of t h e  c i r c u i t  t echn iques  needed t o  c o n t r o l  
t h e  t u r n i n g ’ o n  and, more p a r t i c u l a r l y ,  t h e  t u r n i n g  off of t h e  
PNPN d e v i c e s ,  i n  g e n e r a l ,  exceeds t h a t  r e q u i r e d  f o r  t r a n s i s t o r s ,  
(3) because of t h e  s e n s i v i v i t i e s  of these PNPN d e v i c e s  t o  t r a n s -  
i e n t s ,  i . e .  t h e  l i k e l i h o o d  of a c c i d e n t a l  t u r n - o n  o r  f a i l u r e  t o  
t u r n  o f f  due t o  t r a n s i e n t  v o l t a g e s  or overloads, s p e c i a l  p r e -  
c a u t i o n s  must be observed i n  o r d e r  t o  use t h e s e  d e v i c e s  r e l i a b - l y  
i n  d -c  c i r c u i t s ,  and (4)  a sma l l e r  number of circuit e n g i n e e r s  
have become h i g h l y  competent i n  d e a l i n g  wi th  t h e  t e c h n i c a l  prob-  
lems invo lved  i n  u s i n g  t h e s e  PNPN d e v i c e s  w i t h  t h e i r  b i s t a b l e ,  
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t r a n s i e n t - s e n s i t i v e ,  and h i g h l y  n o n l i n e a r  c h a r a c t e r i s t i c s  i n  d-c 
c i r c u i t s  t han  have become f a m i l i a r  wi th  t r a n s i s t o r  d e s i g n  t e c h -  
n iques .  
Tunnel d iodes  have been used ,  a long  w i t h  s p e c i a l  germanium 
t r a n s i s t o r s  as t h e  power swi tches  i n  ve ry  low- inpu t -vo l t age  con- 
ver te rs . lO*i l  However, no twi ths t and ing  such s p e c i a l i z e d  a p p l i -  
c a t i o n s ,  t h e  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  of t u n n e l  d i o d e s  
do n o t  q u a l i f y  t h e s e  devices 2s v c q -  efficient or d e s i r a b i e  in -  
v e r s i o n  and convers ion  swi tch ing  e lements .  
d e s t i n e d  t o  p l a y  a p o s s i b l y  s i g n i f i c a n t ,  bu t  r a t h e r  a u x i l i a r y  
t y p e  of ro le  i n  t h e  e v o l u t i o n  of power-condi t ion ing  technology. 
I ts  most o u t s t a n d i n g  c h a r a c t e r i s t i c  as a power-handling d e v i c e  
i s  i t s  ex t remely  f a s t  swi t ch ing  speed. T h i s  c h a r a c t e r i s t i c  h a s  
been used ,  f o r  example, t o  good advantage i n  combination w i t h  
t r a n s i s t o r s  t o  improve t h e  t r a n s i s t o r  swi t ch ing  e f f i c i e n c y . 1 2  
The t u n n e l  d i o d e  s~eras 
L i k e w i s e ,  t h e  impact of  i n t e g r a t e d - c i r c u i t  t echnology 'upon 
t h e  power-condi t ion ing  e v o l u t i o n  w i l l  p robably  b e  somewhat l imited.  
Thermal r e s i s t a n c e  c o n s i d e r a t i o n s ,  i .e. t h e  problem of adequate  
h e a t  d i s s i p a t i o n ,  i n h e r e n t  i n  high-power swi t ch ing  circuits con- 
s i d e r a b l y  m i t i g a t e  t h e  s i ze /we igh t  advantages o f f e r e d  by i n t e -  
g r a t e d - c i r c u i t  usage i n  o t h e r  a r e a s .  F u r t h e r ,  t h e  p r imary  c o s t  
and r e l i a b i l i t y  advantages hoped f o r  wi th  t h e  u s e  of i n t e g r a t e d  
c i rcui ts  i n  o t h e r  a r e a s ,  e.g. d a t a  p r o c e s s i n g ,  l a r g e l y  d i s a p p e a r  
i n  view of - t h e  low-quan t i ty ,  r a p i d l y - e v o l v i n g  needs  of space /  
m i l i t a r y  power-condi t ion ing  c i r c u i t s  . 
do  e x i s t  w i t h i n  t h e  spectrum of  power-condi t ion ing  r equ i r emen t s  
wherein i n t e g r a t e d  c i r c u i t s  may make a s u b s t a n t i a l  c o n t r i b u t i o n  
t o  g r e a t e r  r e l i a b i l i t y .  For example, t h e  o s c i l l a t o r s ,  c o u n t e r s ,  
l o g i c  c i r c u i t s ,  a m p l i f i e r s ,  r e f e r e n c e ,  e r r o r  d e t e c t i o n  s t a g e s ,  
etc.  n e c e s s a r y  t o  adapt  power-condi t ion ing  systems t o  v e r y  pre- 
cise system requ i r emen t s ,  e .g .  c o n t r o l l i n g  t h e  f r equency  of a 
power i n v e r t e r  from a q u a r t z - c r y s t a l  o r  o t h e r  r e f e r e n c e  t o  w i t h -  
i n  minute  t o l e r a n c e s ,  may be c o n s i d e r a b l e  i n  number. Such low- 
power c o n t r o l  c i r c u i t s  may lend themselves  well t o  i n t e g r a t e d  
c i r cu i t  t echn iques .  
P e r i p h e r a l  areas . ,  however, 
. 
With e i t h e r  PNPN swi tch ing  e l emen t s  o r  t r a n s i s t o r s ,  t h e  
power-condi t ioning-system d e s i g n e r  i s  u s u a l l y  more concerned 
wi th  c a t a s t r o p h i c  t h a n  degrada t ion  f a i l u r e s  of t h e  semiconductor  
e l emen t s  . Very high-energy stresses are encountered  by t h e s e  
s w i t c h i n g  e lements  both as a r e s u l t  of t h e i r  normal power- 
c o n t r o l l i n g  f u n c t i o n  and a s  a r e s u l t  of t h e  p o s s i b i l i t y  of 
a c c i d e n t a l  h igh-energy  t r a n s i e n t s .  The most common mode of 
t r a n s i s t o r  f a i l u r e  is t h e  occurrence  of c o l l e c t o r - t o - e m i t t e r  
s h o r t  c i r c u i t s  caused by excess ive  d i s s i p a t i o n  w i t h i n  t h e  d e v i c e  a 
o f t e n  as a r e s u l t  of i n d u c t i v e l y - g e n e r a t e d  t r a n s i e n t s . 1 3  Ni th  
PNPN d e v i c e s ,  p robab ly  t h e  most common mode of f a i l u r e * h a s  been . 
d e v i c e  burn-out  as a r e s u l t  of a c c i d e n t a l l y  t u r n i n g  on o r  f a i l i n g  
t o  t u r n  off t h e  dev ice  i n  a d i r e c t - c u r r e n t  c i rcu i t  as a r e s u l t  
of unsuspec ted  v o l t a g e  t r a n s i e n t s  o r  momentary over loads .  Thus,  
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i n  t h e  des ign  of power-condi t ioning c i r c u i t s  more s o  than  i n  
many o t h e r  e l e c t r o n i c  systems t h e r e  i s  a requi rement  f o r  a v e r y  
h igh  l e v e l  of unders tanding  and a t t e n t i o n  on t h e  p a r t  of t h e  
d e s i g n e r  t o  e f f e c t s  of t h e r m a l  and e l e c t r i c a l  t r a n s i e n t  phenomena, 
margins  of s a f e t y ,  e t c .  A growing depth  of unders tanding  and 
s o p h i s t i c a t i o n  on t h e  p a r t  of c i r c u i t  d e s i g n e r s  and a growing 
number of  pe r sons  h i g h l y  q u a l i f i e d  i n  t h i s  area i s  one of t h e  
more promising s i g n s  i n  t h e  s t r u g g l e  f o r  i nc reased  r e l i a b i l i t y ,  
f i c a t i o n  and swi t ch ing  d e v i c e s  f o r  s t a t i c  power c o n d i t i o n i n g  
systems v i r t u a l l y  t o  t h e  exc lus ion  of a l t e r n a t i v e  t y p e s  of e le -  
ments.  The r easons  f o r  t h i s  usage have been,  of c o u r s e ,  v e r y  
v a l i d .  However, e x t r a p o l a t i n g  p r e s e n t  r a t e s  of development i n  
semiconductor  technology and comparing t h e  r e s u l t s  wi th  c e r t a i n  
s p e c i a l i z e d  swi tch ing-device  requi rements  which a p p a r e n t l y  a r e  
for thcoming l e a d s  one t o  t h e  conclus ion  t h a t  swi t ch ing  e lements  
of  t y p e s  o t h e r  t han  semiconductor e lements  should  be i n v e s t i -  
ga t ed .  Two such s p e c i a l i z e d  requi rements  have a l r e a d y  been men- 
t i o n e d .  They a r e  t h e  v e r y  high tempera ture  r equ i r emen t s  and t h e  
ve ry  h i g h  v o l t a g e  requi rements .  The p o s s i b i l i t y  of u t i l i z i n g  
new semiconductor mater ia ls  f o r  h igh  t empera tu res  i s  an obvious 
p o s s i b i l i t y  and has  a l r e a d y  been mentioned. Work i s  a l s o  be ing  
done on ceramic t u b e s  w h i c h ,  a l though they  a p p a r e n t l y  show l i t t l e  
promise f o r  low-vol tage h i g h - c u r r e n t  c i r c u i t r y ,  do however p ro -  
v i d e  a way of swi t ch ing  and r e c t i f i c a t i o n  a t  v e r y  high tempera- 
t u re s -above  500°C. 
power c o n d i t i o n i n g ,  gas  t h y r a t r o n s  of meta l -ceramic  c o n s t r u c t i o n  
are be ing  developed and may w e l l  have f u t u r e  commercial as w e l l  
a s  s p a c e / m i l i t a r y  power c o n d i t i o n i n g  s i g n i f i c a n c e  i n  con junc t ion  
wi th  MIiD sources .  
Semiconductor elements,  a t  p r e s e n t ,  are used a s  t h e  rect i -  
For t h e  a r e a  of ve ry -h igh - inpu t -vo l t age  
The economic s t i m u l i  which have mot iva ted  t h e  develop-  
menta l  e f f o r t s  necessa ry  t o  make a v a i l a b l e  new t r a n s i s t o r s ,  con- 
t r o l l e d  r e c t i f i e r s ,  and o t h e r  swi t ch ing  e lements  have r e f l e c t e d  
q u i t e  c l e a r l y  and q u i t e  n a t u r a l l y  an emphasis toward l a r g e -  
q u a n t i t y  markets. Highly s p e c i a l i z e d  d e v i c e  r equ i r emen t s  f o r  
power-condi t ion ing  a p p l i c a t i o n s  a s  w e l l  as f o r  o t h e r s  have o f t e n  
gone u n s a t i s f i e d ,  n o t  because they were t e c h n i c a l l y  u n f e a s i b l e ,  
b u t  because t h e  funding  necessa ry  f o r  t h e i r  development was n o t  
p rov ided  o r  because t h e r e  was i n s u f f i c i e n t  l i a i s o n  between t h e  
c i r c u i t - m i n d e d  eng inee r  and the  device-minded eng inee r  t o  make 
t h e  need known s u f f i c i e n t l y  far  i n  advance. There i s  a need 
f o r  c o n s i d e r a b l y  more c o o r d i n a t i o n  between t h e s e  two groups of 
people  - t h e  people  who p u t  t h e  s w i t c h i n g  e lements  t o  work and 
t h e  peop le  who d e s i g n  t h e  elements  themselves .  A g r e a t  many 
areas e x i s t  i n  which a more widespread mutual unde r s t and ing  by 
each group of t h e  problems, a l t e r n a t i v e s ,  p o s s i b l e  areas for  
t r a d e  o f f ,  e tc .  conf ron t ing  t h e  o t h e r  group should  f a c i l i t a t e  
o v e r a l l  p r o g r e s s .  
As emphasized p r e v i o u s l y ,  t h e  swi t ch ing  element  i s  t h e  
nuc leus  of power c o n d i t i o n i n g  systems. Switching d e v i c e  
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developments have,  i n  g e n e r a l ,  s e t  t h e  pace f o r  t h e  o v e r a l l  rate 
of p r o g r e s s  i n  power cond i t ion ing  technology,  n o t  o n l y  i n  ower- 
hand l ing  c a p a b i l i t i e s  and s ize /weight  b u t  i n s o f a r  as r e l i a  1 i l i t y  
i s  concerned. 
ment a lmost  always have been  o r  have i n c l u d e d  one or more f a i l e d  
semiconductor  e l emen t s  wi th in  t h e  equipment. Th i s  h a s  n o t  been 
p r i m a r i l y  a r e s u l t  of f a i l u r e s  o r i g i n a t i n g  w i t h i n  t h e  s e a i c o n d u c t o r  
e l e m e n t s  themselves ,  b u t ,  more o f t e n ,  a consequence of the fact 
that the c i r c u i t  f u n c t i o n s  performed by t h e s e  elenents make 
them t a r g e t s  f o r  h igh  e n e r g y - d i s s i p a t i o n  d u r i n g  electrical tians- 
i e n t s .  Desp i t e  t h e  e x i s t e n c e  of  p r e s s i n g  needs  in o t h e r - c m -  
ponen t  areas, it should  be expected t h a t  p r o g r e s s  in t h e  area 
of swi t ch ing  e lements  w i l l  cont inue f o r  some time t o  coma t o  set 
t h e  pace i n  t h e  development of more adequate  sys tems for  power 
cond it i on i n g  . 
Symptoms of f a i l e d  power c o n d i t i o n i n g  equip- 
.v 
Pass ive  Components. The same envi ronmenta l  extremes p r e -  
v i o u s l y  mentioned i n  r e l a t i o n  t o  swi tch ing-e lement  c o n s i d e r a t i o n s  
w i l l  a l so  r e q u i r e  e x t e n s i v e  developmental  work on i n s u l a t i o n  
sys tems,  magnet ic  m a t e r i a l s ,  i n d u c t o r s  , t r a n s f o r m e r s ,  and c a p a c i -  
t o r s .  
Cons iderable  work has been and c o n t i n u e s  i n  p r o g r e s s  on 
very-h igh- tempera ture  i n s u l a t i o n  systems by wire a a n u f a c t u r e r s  
and t h e  l a r g e  e lec t r ica l  manufactur ing companies. It appea r s  now 
as i f  needs i n  t h i s  area w i l l  be adequa te ly  f u l f i l l e d .  Work is 
a l s o  being d i r e c t e d  toward s p e c i a l i z e d  i n s u l a t i o n  requirements 
such as t h o s e  exempl i f i ed  by t h e  t empera tu re ,  h igh  v o l t a g e ,  and 
unusua l  t r a n s i e n t  c h a r a c t e r i s t i c s  and re u i r emen t s  of ion- 
p r o p u l s i o n  r o c k e t  power Supply systems. 1% Although a p p l i c a b l e  
m a t e r i a l s  and t echn iques  f o r  many of t h e s e  newer problems w i l l  
be found t o  be a v a i l a b l e ,  a great d e a l  of effort w i l l  be re- 
q u i r e d  i n  t h e  c a r e f u l  des ign  and t e s t i n g  of t h e s e  i n s u l a t i o n  
systems i n  o r d e r  t o  adequate ly  a s s u r e  r e l i a b i l i t y .  
conductor  swi t ch ing  elements is beginning  t o  r e - f o c u s  a t t e n t i o n  
upon t h e  need f o r  improved magnet ic  materials. In  the first 
h a l f  of t h e  1950's magnet ic  a m p l i f i e r s  were a t  t h e i r  peak of 
p o p u l a r i t y ,  and the s p o t l i g h t  was c o n t i n u a l l y  on magnetic-core 
materials wi th  t h e  a t t e n d a n t .  resu l t  t h a t  c o n s i d e r a b l e  effor t  by 
many groups of people  was devoted t o  t h e  development of materials 
wi th  lower l o s s e s ,  g r e a t e r  squareness ,  h i g h e r  saturat ion flux 
d e n s i t i e s ,  less d e g r a d a t i o n  w i t h  h igh  t empera tu res ,  and improved 
r a d i a t i o n  r e s i s t a n c e .  S ince  t h e  coming of age of t h e  t r a n s i s t o r  
i n  t h e  second h a l f  of t h e  1950 ' s  and more r e c e n t l y  t h e  advent  
of t h e  c o n t r o l l e d  r e c t i f i e r ,  these two d e v i c e s  have p r e t t y  mucFw 
t aken  over  t h e  a m p l i f i c a t i o n  requi rements  of government and 
i n d u s t r y .  Th i s  r e s u l t e d  i n  a change of emphasis i n  magne t i c  
materials r e s e a r c h  away from those  d i r e c t e d  toward improved 
c h a r a c t e r i s t i c s  f o r  power a p p l i c a t i o n s  t o  t h o s e  areas where t h e r e  
e x i s t e d  g r e a t e r  i n t e r e s t  and more p r e s s i n g  problems, such as' t h i n  
The r a p i d  i n c r e a s e  i n  t h e  f requency  c a p a b i l i t i e s  of semi- 
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magnet ic  f i l m s  and fe r r i tes  f o r  conpu te r  a p p l i c a t i o n s .  
awakening of i n t e r e s t  and r e t u r n i n g  of a t t e n t i o n  t o  t h e  problems 
of deve loping  inproved magnetic m a t e r i a l s  f o r  t h e  power-handling 
r equ i r emen t s  of s a t u r a b l e  and n o n s a t u r a t i n g  t r a n s f o r m e r s  and 
f i l t e r  chokes t o  meet t h e  s p e c i f i c  r equ i r emen t s  of h igh- f requency  
power-handling c i r c u i t s  f o r  t h e  space  program i s  i n  o rde r .  
iiig iiitelfiaiirig c u r r e n z ,  f o r  r i l t e r i n g  d i r e c t  c u r r e n t ,  and as 
ene rgy  s t o r a g e  dev ices  f o r  commutation, i .e. t h e  t u r n i n g  off of 
c o n t r o l l e d  r e c t i f i e r s  i n  c o n t r o l l e d - r e c t i f i e r  inver te r  circuits. 
The c a p a c i t o r  c h a r a c t e r i s t i c s  r e q u i r e d  f o r  these th ree  a p p l i c a -  
t i o n s  d i f f e r  widely.  However, a major  problem i n  each a p p l i c a -  
t i o n  i s  t h e  i n t e r n a l  h e a t i n g  of t h e  c a p a c i t o r s  which i s  encountered  
as a r e s u l t  of t h e  v e r y  h igh  rms c u r r e n t s  t o  which t h e s e  c a p a c i -  
t o r s  are s u b j e c t e d  i n  t y p i c a l  i n v e r t e r  and c o n v e r t e r  a p p l i c a t i o n s .  
Such i n t e r n a l  h e a t i n g  i s  a p a r t i c u l a r l y  s e v e r e  problem i n  com- 
muta t ing  c a p a c i t o r s  because of t h e  ex t r eme ly  h igh  rms c u r r e n t s  
which  are c h a r a c t e r i s t i c  of t h i s  a p p l i c a t i o n ,  and i n  d -c  f i l t e r  
c a p a c i t o r s  which are u s u a l l y  of e l e c t r o l y t i c  t y p e s  which degrade 
r a p i d l y  wi th  i n c r e a s i n g  temperature  . From a n  envi ronmenta l  
p o i n t  of view, c a p a c i t o r s ,  and i n  p a r t i c u l a r  e l e c t r o l y t i c  c a p a c i -  
t o r s ,  are t h e  most l i m i t i n g  p a s s i v e  components which are b a s i c  
t o  power c o n d i t i o n i n g  systems. 15 
A re- 
Capac i to r s  a r e  used i n  s p a c e c r a f t  power systems fo r  f i l t e r -  
Conver te rs  and Regu la to r s  
The number of a l t e r n a t i v e  c i r c u i t  t y p e s  and v a r i a t i o n s  of 
With some circui ts ,  
t hese  t y p e s  w h i c h  have been developed f o r  d - c  t o  d - c  conve r s ion  
and r e g u l a t i o n  i s  q u i t e  l a rge .  The r e l a t i v e  advantages and l i m i -  
t a t i o n s  of t h e s e  c i r c u i t s  a r e  q u i t e  v a r i e d .  
m u l t i p l e  i s o l a t e d  o u t p u t s  a r e  a v a i l a b l e ;  w i th  o t h e r s  on ly  a 
s i n g l e  o u t p u t  which s h a r e s  a common p o t e n t i a l  w i t h  t h e  i n p u t  
supp ly  v o l t a g e  i s  a v a i l a b l e .  Some c i r c u i t s  a r e  capable  only  of 
s t e p p i n g  up a d i r e c t  v o l t a g e ;  o t h e r s  on ly  of s t e p p i n g  down a d i r e c t  
v o l t a g e .  C e r t a i n  c i r c u i t s ,  no tab ly  b r i d g e  c o n f i g u r a t i o n s ,  b e t -  
t e r  u t i l i z e  e x i s t i n g  s w i t c h  c a p a b i l i t i e s  i n  s i t u a t i o n s  i n v o l v i n g  
v e r y  h igh  i n p u t  v o l t a g e s  t o  t h e  c o n v e r t e r ;  o t h e r  c i r c u i t s ,  
i n v o l v i n g  only  one swi t ch ing  element i n  se r ies  wi th  t h e  i n p u t -  
v o l t a g e  sou rce ,  b e t t e r  u t i l i z e  e x i s t i n g  s w i t c h  c a p a b i l i t i e s  i n  
low- input -vol tage  s i t u a t i o n s .  I n  some c i r c u i t s ,  a l l  of t h e  
ene rgy  t r a n s f e r r e d  from source  t o  load  i s  s u b j e c t e d  t o  t h e  s w i t c h -  
i n g  and o t h e r  p r o c e s s e s  normally a s s o c i a t e d  wi th  power c o n d i t i o n -  
i n g ;  whereas i n  o t h e r  c i r c u i t s ,  o f t e n  c a l l e d  "buck-boost" circuits 
only  a r e l a t i v e l y  small f r a c t i o n  of t h e  power d e l i v e r e d  t o  t h e  
load  i s  s u b j e c t e d  t o  such process ing .  
f u n c t i o n a l  c h a r a c t e r i s t i c s  and compare i n  a meaningfu l  f a s h i o n  
t h e  merits of t h e  innumerable i n d i v i d u a l  c i r c u i t s  proposed and 
i n  use today  would be a g i g a n t i c  u n d e r t a k i n g  and would not  
A l i s t i n g  such a s  t h i s  could go  on and on. To rev iew t h e  
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, -  
c o n t r i b u t e  p a r t i c u l a r l y  toward accomplishing t h e  o b j e c t i v e s  of 
t h i s  paper .  
e n c e s  l i s t e d  a t  t h e  end of t h i s  paper ;  many more are d e s c r i b e d  
elsewhere i n  widely a v a i l a b l e  l i t e r a t u r e  sources .  Ac tua l ly  
t h e  very q u a n t i t y  p e r  se of compe t i t i ve  c i r c u i t  t e c h n i q u e s ,  
e x i s t i n g  d e s c r i p t i o n s ,  performance c la ims  and c o u n t e r c l a i m s ,  etc. 
i s  beginning  t o  c r e a t e  a very  s i g n i f i c a n t  problem. 
t h a t  t h i s  d i s c u s s i o n  w i l l  h e l p  t o  focus  enough a t t e n t i o n  on t h i s  
problem t h a t  e f f o r t s  may be encnurzgeb !:.hicf: wil: iiiitigate i t s  
s e r i o u s n e s s  . 
Many s p e c i f i c  c i r c u i t s  a r e  d e s c r i b e d  i n  t h e  refer- 
I t  i s  hoped 
The problem r e f e r r e d  t o  above i s  amply appa ren t  i n  t h e  
fact t h a t  it i s  becoming i n c r e a s i n g l y  more d i f f i c u l t  f o r  t h e  
c i r c u i t  d e s i g n e r  and,  more p a r t i c u l a r l y ,  f o r  c o n t r a c t i n g  and 
procurement  people  t o  r e a l i s t i c a l l y  select  between a l t e r n a t i v e  ap- 
p roaches ,  t o  evaluate performance c l a ims ,  t o  e v a l u a t e  work p ro -  
p o s a l s ,  and o the rwise  m a k e  v a l i d  comparisons.  As a technology,  
power c o n d i t i o n i n g  h a s  c e r t a i n l y  reached t h e  p o i n t  of m a t u r i t y  
where s t e p s  should  be taken  promptly t o  e s t a b l i s h  meaningful  and 
ag reed  upon f i g u r e s  of mer i t ,  t o  d e f i n e  s t a n d a r d  tes ts  and measure- 
ment p rocedures ,  and t o  recommend c e r t a i n  minimum d a t a  t o  be 
p rov ided  on a l l  dev ices .  
one of t h e  p r o f e s s i o n a l  s o c i e t i e s  such a s  I E E E  t o  t h e  mutual  
b e n e f i t  of s u p p l i e r s  and t h e  pu rchase r .  
Such a program might  be under taken  by 
Conver te r  and r e g u l a t o r  c i r c u i t s  i n h e r e n t l y  employ 
numerous n o n l i n e a r  elements and as a r e s u l t  a r e  ex t r eme ly  
d i f f i c u l t  t o  ana lyze  even w i t h  advanced a n a l y t i c a l  and e x p e r i -  
men ta l  t o o l s .  
which are q u i t e  impor t an t  bu t  which a r e  ex t r eme ly  d i f f i c u l t  t o  
e x p l a i n  i n  t h e  conven t iona l  conc i se  manner of t e c h n i c a l  p a p e r s  
and r e p o r t s .  
ove r  i n  c i r c u i t  d e s c r i p t i o n s ,  l e a v i n g  t h e  u n i n i t i a t e d  r e a d e r  
w i t h  a v a s t l y  o v e r s i m p l i f i e d  t e c h n i c a l  p i c t u r e .  I t  may be on such  
seemingly minor p o i n t s  as t r ans fo rmer  winding t e c h n i q u e s ,  d iode  
r ecove ry  t imes,  l ead  l e n g t h ,  leakage induc tance  and s t r a y  c a p a c i -  
t a n c e ,  e tc .  t h a t  t h e  r e l i a b i l i t y  or s a t i s f a c t o r y  performance of 
t h e  c i r c u i t  h inges .  Another problem i n  t h e  same g e n e r a l  area 
i s  t h e  somewhat ambiguous manner i n  which c i r c u i t  merits, 
e f f i c i e n c y ,  r e l i a b i l i t y ,  w e i g h t ,  e tc .  o f t e n  have been desc r ibed .  
Mis leading  emphasis has  t o o  o f t e n  been  g iven  t o  t h e  s t a t e m e n t  
of i s o l a t e d  performance f i g u r e s  wi thou t  adequate  d e f i n i t i o n  of 
e x a c t l y  how t h e s e  f i g u r e s  were ob ta ined  and wi thou t  an  adequa te  
s t a t e m e n t  of o t h e r  p e r t i n e n t  c i r c u i t  d a t a .  For example, e f f i -  
c i e n c y ,  f requency ,  weight ,  range of i n p u t  v o l t a g e  v a r i a t i o n  through 
which r e g u l a t i o n  i s  s u s t a i n e d ,  r e l i a b i l i t y ,  and c e r t a i n  o t h e r  
factors g e n e r a l l y  may be t r a d e d  one f o r  t h e  o t h e r .  A mere s ta te-  
ment of e f f i c i e n c y  obvious ly  p rov ides  no r e a l  f i g u r e  of merit 
f o r  t h e  system. Such piecemeal  i n f o r m a t i o n ,  based on unknown 
measurement p rocedures ,  can be s e r i o u s l y  mis l ead ing  and t h e r e f o r e  
cos t ly  and d e l a y i n g  t o  d e s i g n e r s  and t o  c o n t r a c t o r s ,  
F u n c t i o n a l  s u b t l e t i e s  a r e  r e p e a t e d l y  encoun te red  
Often t h e s e  f i n e r  d e t a i l s  have s imply  been g l o s s e d  
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U n t i l  r ea sonab le  and adequate  s t a n d a r d s  i n  t h i s  a r e a  
‘can be formulated and adopted, bo th  t h e  s u p p l i e r  and t h e  p u r -  
c h a s e r  are handicapped. 
f o r  h i s  approach than  i s  claimed f o r  a compe t i t i ve  approach. 
And i n  t h e  absence of an adequate set of ground rules,many 
s h i f t s  i n  emphasis,  t a c i t  omissions,  e tc .  by t h e  proponent  of 
a g i v e n  system are p o s s i b l e  which, though, n o t  i n c o r r e c t ,  can  
c e r t a i n l y  be ve ry  mis leading .  
w r i t i n g  r e a l i s t i c  s p e c i f i c a t i o n s  which i s  Dlaced on t h e  p r r h a s e r  
agreed  upon s t anda rds .  
One s u p p l i e r  cannot  a f f o r t  t o  c la im less 
On t h e  o t h e r  hand, t h e  burden of 
a A a u  e l - -  is v a s t i y  g r e a t e r  i n  the absence of adequate  p r e v i o u s l y  
I n v e r t e r s  
Rates of  p r o g r e s s  i n  t h e  areas  o f  d -c  t o  d - c  convers ion  
and d - c  t o  a-c i n v e r s i o n  have g e n e r a l l y  been governed by t h e  same 
t e c h n i c a l  o b s t a c l e s ,  and p rogres s  i n  these  two areas h a s  been 
abou t  equa l  i n  most a s p e c t s .  
of c o n t r a s t ,  however. General ly ,  i n v e r t e r s ,  e s p e c i a l l y  t h o s e  f o r  
t h ree -phase  systems have involved cons ide rab ly  more complexi ty  
t h a t  d -c  t o  d -c  c o n v e r t e r s  of similar power r a t i n g s .  A l s o ,  it  
h a s  u s u a l l y  been t h e  case t h a t  an i n v e r t e r  of a given  power r a t i n g  
would be expec ted  t o  weigh cons ide rab ly  more t h a n  a d-c  t o  d - c  
c o n v e r t e r  of t h e  same r a t i n g .  
s t a n d a r d  t e s t  and e v a l u a t i o n  c r i t e r i a  e x i s t  th roughout  t h e  spec-  
trum of power-condi t ioning equipment and w i l l  n o t  be re-emphasized 
i n  connec t ion  wi th  i n v e r t e r s .  
There have been some n o t a b l e  areas 
The p r e v i o u s l y  mentioned needs f o r  
The most common load f o r  i n v e r t e r s ,  i .e.  t h e  most compell ing 
need f o r  a-c power i n  s p a c e c r a f t  and launch v e h i c l e s  h a s  been 
motors  (pump motors ,  gyro  motors ,  r e c o r d e r  motors ,  e tc . ) .  The 
u se  of a l t e r n a t i n g - c u r r e n t  power can be advantageous i n  a number 
of ways: For example, i t  can avo id  t h e  n e c e s s i t y  f o r  t h e  com- 
muta t ion  and b rushes  which a re  g e n e r a l l y  found i n  d - c  motors  and 
which are h i g h l y  u n d e s i r a b l e  f o r  u se  i n  space v e h i c l e s ,  and it can 
p rov ide  p r e c i s e  means of determining t h e  speed of a motor. 
I t  i s  i n t e r e s t i n g  t o  n o t e ,  however, i n  connec t ion  with t h e  
mention of b rushes  i n  d - c  motors t h a t  c o n s i d e r a b l e  work h a s  been 
done and i s  c u r r e n t l y  i n  progress  on t h e  development of b r u s h l e s s  
d-c  motors.  These machines -use s o l i d - s t a t e  swi t ch ing  t echn iques  
t o  perform t h e  swi t ch ing  f u n c t i o n s  which i n  conven t iona l  d-c  
motors  are performed by t h e  brushes and commutator. I t  can be 
proven t h a t  one o r  more swi tch ing  e lements  are n e c e s s a r y  i n  o r d e r  
t o  o p e r a t e  any motor from a d i r e c t  c u r r e n t  source .3  However, 
s i g n i f i c a n t  advantages i n  weight , s i z e  , and complexi ty  can re-  
sult by making t h e  n e c e s s a r y  swi tch ing  an i n t e g r a l  p a r t  of t h e  
motor and i t s  mode of ope ra t ion ,  r a t h e r  t han  i n c o r p o r a t i n g  t h e  
s w i t c h i n g  i n  an e x t e r n a l  i n v e r t e r  and p rov id ing  a l t e r n a t i n g  cur- 
r e n t  t o  an a-c motor. I n  r e a l i t y ,  however, t h e s e  s o - c a l l e d  
b r u s h l e s s  d -c  motors  are simply a s p e c i a l i z e d  a p p l i c a t i o n  of 
power c o n d i t i o n i n g  t echn iques ,  and t h e  power c a p a b i l i t i e s ,  
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envi ronmenta l  c a p a b i l i t i e s ,  e t c .  of  t h e s e  motors  a t  l e a s t  so far 
as t h e  non-mechanical a s p e c t s  of t h e  u n i t s  are concerned w i l l  
go hand i n  hand with t e c h n o l o g i c a l  p r o g r e s s  i n  t h e  power-con- 
d i t i o n i n g  f i e l d  i n  g e n e r a l .  
S i n c e  wi th  d -c  t o  d-c  c o n v e r t e r s  t h e  output  i s  a d i r e c t  
v o l t a g e ,  t h e  i n t e r m e d i a t e  swi tch ing  f r e q u e n c i e s  employed are of 
l i t t l e  consequence, excep t  a s  t hey  r e l a t e  t o  t h e  s i z e / w e i g h t  and 
eL ' f ic iency  of t h e  conve r t e r .  
o f  e v e r  g r e a t e r  swi t ch ing  speeds have been made a v a i l a b l e ,  t h e  
f r e q u e n c i e s  used 
upward. A s t e a d y  r e d u c t i o n  i n  t h e  s ize  and weight of t h e  t r a n s -  
fo rmers  and t h e  i n d u c t i v e  and c a p a c i t i v e  energy  s t o r a g e  elements 
used  i n  d-c  t o  d - c  c o n v e r t e r s  h a s  r e s u l t e d .  
Consequent ly ,  a s  swi t ch ing  e l emen t s  
i n  d - c  t o  d - c  c o n v e r t e r s  have p rogres sed  s teadi ly  
I n v e r t e r s  a r e  g e n e r a l l y  r e q u i r e d  t o  supp ly  a-c power to.  
T y p i c a l l y ,  t h i s  f requency  a load  a t  a predetermined frequency.  
has  been 400 c y c l e s  p e r  second (cps). I n  c o n t r a s t  t o  t h e  d - c  t o -  
d - c  c o n v e r t e r  ca se  i n  which  g r a d u a l  improvements i n  swi t ch ing -  
e lement  speed made p o s s i b l e  a g r a d u a l  b u t  s t e a d y  i n c r e a s e  i n  fre- 
quency and d e c r e a s e  i n  s i z e  and weight ,  it has  remained more 
p r a c t i c a l  t o  con t inue  t o  perform t h e  swi t ch ing  i n  400-cps i n v e r t e r s  
a t  t h e  430-cps frequency.  Thus, t h e  s i z e / w e i g h t  r k d u c t i o n  i n  d - c  
t o  d -c  c o n v e r t e r s  made p o s s i b l e  by f a s t e r  swi t ch ing  e l emen t s  h a s  
n o t  been p a r a l l e l e d  by s i m i l a r  r e d u c t i o n s  i n  i n v e r t e r s .  A t  t h e  
p r e s e n t  time, however, it seems appa ren t  t h a t  t h i s  s i t u a t i o n  h a s  
d e f i n i t e l y  s t a r t e d  t o  change f o r  t h e  b e t t e r .  
I n  systems r e q u i r i n g  a sine-wave o u t p u t ,  s i g n i f i c a n t  s i z e  
and weight  s av ings  are now being ob ta ined  through t h e  use of 
m u l t i p l e  s t a g e s  and waveshape-addition t e c h n i q u e s  i n  o r d e r  t o  
g e n e r a t e  a-waveshape which c1o.s L _  a proximates  a s i n e  wave and 
r e q u i r e s  ve ry  l i t t l e  f i l t e r ing .5 ,Y60y8  These t echn iques  i n v o l v e  
c o n s i d e r a b l e  complexi ty  and r e s u l t  on ly  i n  s a v i n g s  i n  f i l t e r  
s i z e  and weight  ra ther  than  i n  s a v i n g s  i n  t h e  i n v e r t e r  t r a n s f o r m e r  
weight.  But i n  e a r l i e r  i n v e r t e r s ,  t h e  f i l t e r  stage has  o f t e n  
outweighed t h e  a c t u a l  i n v e r t e r  stage.  
I n  a d d i t i o n ,  i t  i s  s i g n i f i c a n t  t o  n o t e  t h a t  swi t ch ing -  
dev ice  improvements have now reached  t h e  p o i n t  a t  which s w i t c h i n g  
f r e q u e n c i e s  which are more than an o r d e r  of magnitude g r e a t e r  
than 400 cps  are p r a c t i c a l  even a t  h igh  power l e v e l s .  With t h i s  
r e c e n t  a v a i l a b i l i t y  of such f a s t  s w i t c h i n g  e l emen t s ,  it h a s  become 
p r a c t i c a l  f o r  t h e  f i rs t  t i m e  t o  c o n s i d e r  systems i n  which t h e  
s w i t c h i n g  f requency  i s  v e r y  high i n  ' r e l a t i o n  t o  t h e  o u t p u t - v o l t a g e  
f r equency  and i n  which t h e  d e s i r e d  low-frequency ou tpu t  wave- 
form i s  approximated by modulating t h e  h igh  f r equency  waveform.l9r*0 
By u s i n g  t h e s e  t e c h n i q u e s ,  f o r  example, i n  a t r a n s f o r m e r l e s s  b r i d g e  
i n v e r t e r ,  i t  i s  p o s s i b l e  t o  generate a low-frequency s i n e  wave, 
e.g. 400 cps, w i th  a c i rcu i t  i n  which t h e  s ize  and weight of all 
magnet ic  and c a p a c i t i v e  components are d i c t a t e d  by t h e  v e r y  h i g h  
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swi t ch ing  frequency r a t h e r  thzn t h e  low f r equency  ou tpu t .  
t r a n s f o r m e r l e s s  i n v e r t e r s  need t o  b e  su?,plied w i t h  d i r e c t  v o l t a g e  
whose va lue  i s  a t  l eas t  f l t i m e s  t h e  d e s i r e d  s i n u s o i d a l  a-c 
ou tpu t  v o l t a g e .  Usual ly  t h i s  w i l l  r e q u i r e  a d - c  t o  d - c  con- 
ve r t e r ,  t h u s  adding t o  t h e  system complexi ty  and a d v e r s e l y  affect-  
i n g  e f f i c i e n c y .  I t  i s  a l s o  p o s s i b l e  t o  accomplish t h e  d e s i r e d  
v o l t a g e  convers ion  wi th  a high-frequency d -c  t o  a-c i n v e r t e r  and 
t h e n  t n  per f c rm a ~ p r ~ p r i a Q t ~  swi t ch ing  upon t h i s  h igh  f requency  
a-c i n  o r d e r  t o  g e n e r a t e  t h e  d e s i r e d  low f requency  waveform.. Pro- 
v i d i n g  n e c e s s a r y  r e a c t i v e  c u r r e n t  p a t h s  under  a l l  c i rcui t  condi -  
t i o n s  and e l i m i n a t i n g  c i r c u i t  t r a n s i e n t s  are major  c o n s i d e r a t i o n s  
i n  t h e s e  c i rcu i t s .  
begin  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  meet ing of f u t u r e  require- 
ments for low-frequency (low compared t o  s t a t e - o f  - t h e - a r t  power- 
c o n d i t i o n i n g  frequency c a p a b i l i t i e s )  a - c  power i n  space .  
Such 
Despi te  t h i s ,  such t echn iques  w i l l  p robably  
Ques t ions  concerning the  d e s i r a b i l i t y  of con t inued  
emphasis on 400 c y c l e s  p e r  second a s  a s t a n d a r d  f requency  f o r  
space  v e h i c l e  e lec t r ica l  equipment are beginning  t o  be asked 
more and more f r e q u e n t l y .  C e r t a i n l y  power-condi t ion ing  l imi ta -  
t i o n s  are no  o b s t a c l e  toward t h e  u s e  of a c o n s i d e r a b l y  h i g h e r  fre- 
quency than  400 c p s ,  and if a choice  were t o  be made s t r i c t l y  
from a power-condi t ion ing  viewpoint  ( f requency/weight  vs. e f f i c i e n c y  
c o n s i d e r a t i o n s )  a f requency  would undoubtedly be chosen which 
would be t o o  h igh  t o  be p r a c t i c a l  a s  a s t a n d a r d  i n  view of o t h e r  
c o n s i d e r a t i o n s .  
of l i n e  r e a c t a n c e s  may become a problem a t  f r e q u e n c i e s  i n  the 
k i l o c y c l e  range. I t  i s  a l s o  somewhat d i f f i c u l t  t o  d e s i g n  low-speed a-c 
motors  f o r  o p e r a t i o n  from very  h igh- f requency  a l t e r n a t i n g  c u r r e n t .  
Apparent ly  t h e  m a j o r i t y  of t h e  e l ec t r i c  power t o  be used  
i n  s p a c e  v e h i c l e s  w i l l  con t inue  t o  be d e r i v e d  from d i r e c t - c u r r e n t  
sou rces .  I t  appears  l i k e l y  t h a t  d -c  d i s t r i b u t i o n  systems may be 
used  e x t e n s i v e l y .  For t h e s e  and o t h e r  r e a s o n s ,  such as t h e  
c r i t i c a l  importance of s ize ,  weight ,  and e f f i c i e n c y ,  p a s t  p r e -  
c e d e n t s  i n  t h e  form of sh ip -boa rd  e lectr ical  sys t ems ,  a i rc raf t  
e l e c t r i c a l  systems and land-based g e n e r a t i o n  and d i s t r i b u t i o n  
systems p rov ide  . f e w  o r  n o  g u i d e l i n e s  f o r  the  power-condi t ion ing  
and d i s t r i b u t i o n - s y s t e m  planning  f o r  t h e  e lec t r ica l  power needs  
o f  f u t u r e  s p a c e c r a f t ,  manned l u n a r  s t a t i o n s  , etc.  
w i l l  need t o  be answered, of which t h e  c h o i c e s  of a s t a n d a r d  
power f requency  and s t a n d a r d  d -c  and a-c v o l t a g e  l e v e l s  are only  
one a s p e c t .  However, such d e c i s i o n s  must be a r e s u l t  of t h e  
evolvment of energy-source  c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  and 
of t h e  r a p i d l y  changing n a t u r e  of equipment l o a d s ,  power l e v e l s ,  
e tc .  These c h a r a c t e r i s t i c s  and r equ i r emen t s  are now i n  such  a s ta te  
of f l u x  a s  t o  d i scourage  a t t empt s  a t  t h e  p r e s e n t  t o  make long-term 
d e c i s i o n s  on t h e s e  m a t t e r s .  
For example, d i s t r i b u t i o n  problems i n  t h e  fonn 
. 
V i t a l  q u e s t i o n s  
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Summary and Conclusions 
1 -  
' Preceeding s e c t i o n s  of t h i s  r e p o r t  p o i n t e d  o u t  and b r i e f l y  
d i s c u s s e d  a number of f a c t o r s  which a r e  p a r t i c u l a r l y  impor t an t  
a s p e c t s  of t h e  evo lv ing  technology of power c o n d i t i o n i n g  f o r  
s p a c e c r a f t  e lec t r ica l  systems. I n  s o  doing, an a t t e m p t  was made 
t o  focus  a t t e n t i o n  p r i m a r i l y  on b a s i c  c o n s i d e r a t i o n s  of long- 
term s i g n i f i c a n c e  e d  ts avsid,  i n s o f a r  a s  p o s s i b l e ,  d i s c u s s i o n  
of numerous d e t a i l e d  problems which appear  t o  be of a more t rans i -  
t o r y  n a t u r e .  
What f o l l o w s  i s  a conc i se  summary of c e r t a i n  of t h e  con- 
c l u s i o n s  drawn from t h e  e a r l i e r  more ' d e t a i l e d  d i s c u s s i o n s .  These 
c o n c l u s i o n s  are based on t h e  background p r e s e n t e d  ea r l i e r  and 
t h e i r  p rope r  i n t e r p r e t a t i o n  may be d i f f i c u l t  i f  t h i s  background 
material  i s  n o t  borne i n  mind. 
1. 
2. 
3. 
4.  
The swi t ch ing  element i s  p r e s e n t l y  and w i l l  c o n t i n u e  
f o r  some time t o  be t h e  s i n g l e  most l i m i t i n g  com- 
ponent  of i n v e r s i o n  and conve r s ion  systems. 
Confidence i n  t h e  a b i l i t y  of power c o n d i t i o n i n g  
equipment t o  perform r e l i a b l y  i n  o p e r a t i o n a l  s i t ua -  
t i o n s  i s  s t i l l  lack ing .  Actual  performance r e c o r d s  
are c o n s i d e r a b l y  poorer  t h a n  would be expec ted  from 
c o n s i d e r a t i o n  of t h e  envi ronmenta l  r equ i r emen t s  and 
of t h e  p o t e n t i a l  r e l i a b i l i t y  of t h e  component de- 
vices themselves .  A g r e a t  d e a l  of t h e  burden of 
a s s u r i n g  r e l i a b l e  performance i n  t h e s e  high-power. t r a n s -  
i e n t - p r o n e  c i r c u i t s  rests upon t h e  c i rcu i t  d e s i g n e r  
and h i s  knowledge and s k i l l .  
A c e r t a i n  amount of fundamental  r e s e a r c h  d i r e c t e d  
toward . e s t a b l i s h i n g  t h e o r e t i c a l  c r i t e r i a  f o r  p h y s i -  
c a l l y  r e a l i z a b l e  convers ion ,  i n v e r s i o n  and r e g u l a t i o n  
systems should  prove f r u i t f u l  i n  h e l p i n g  t o  e s t a b l i s h  
r e a l i s t i c  long-range g u i d e l i n e s  and g o a l s  f o r  future 
component and system development p r o j e c t s .  The 
o b j e c t i v e s  of such a b a s i c  r e s e a r c h  program as p ro -  
posed here would be e n t i r e l y  d i f f e r e n t  from t h o s e  
g o a l s  which mot iva te  t h e  d e s i g n - o r i e n t e d  a n a l y s e s  of 
e x i s t i n g  systems. 
Almost a l l  of t h e  b a s i c  components used  i n  power- 
c o n d i t i o n i n g  c i rcu i t s  will be h a r d  p r e s s e d  by some 
of t h e  environmental  r equ i r emen t s  which a p p a r e n t l y  
w i l l  be encountered  i n  f u t u r e  sys tems,  n o t a b l y  h igh  
t empera tu re  and l a rge  r a d i a t i o n  dosages.  Semicon- 
d u c t o r  e lements  and e l e c t r o l y t i c  c a p a c i t o r s  are 
p r e s e n t i n g  t h e  e a r l i e s t  o b s t a c l e s .  Often i t  may b e  
d e s i r a b l e  t o  p h y s i c a l l y  l o c a t e  power-condi t ion ing  
- 18 - 
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equipment ve ry  c l o s e ,  f o r  cxample, t o  a n u c l e a r  
power sou rce  o r  t o  a the rmion ic  o r  t h e r m o e l e c t r i c  
g e n e r a t o r .  F o r  such r e a s o n s ,  t h e  envi ronmenta l  
requi rements  t o  be  met by power-condi t ion ing  
equipment o f t e n  may b e  ' cons ide rab ly  more s t r i n g e n t  
than  t h o s e  imposed on t h e  o t h e r  e l e c t r o n i c  equ ip -  
ment n e c e s s a r y  t o  t h e  mission.  
5 . The ir,evitab iy conr inuing  i n c r e a s e  i n  power r e q u i r e -  
ments f o r  s p a c e c r a f t  w i l l  be  a v i t a l - f a c t o r  in de- 
te rmining  t h e  t r e n d s  of developments '  i n  t h e  power- 
c o n d i t i o n i n g  a rea .  
6 .  Although p e r i p h e r a l  needs  w i t h i n  t h e  spectrum of 
power-condi t ion ins  r equ i r emen t s ,  f o r  example, 
c o u n t e r s ,  d r i v e  c i r c u i t s ,  low- leve l  a m p l i f i e r s ,  
etc.  a r e  w e l l  s u i t e d  t o  t h e  u s e  of i n t e g r a t e d  
c i r c u i t  t echn iques ,  t h e  o v e r a l l  s i g n i f i c a n c e  of 
i n t e g r a t e d - c i r c u i t  t echnology i n  t h i s  area would 
appear  t o  h e  cons ide rab ly  more l i m i t e d  than  i n  
o t h e r  areas of a p p l i c a t i o n .  
f o r  a p p l i c a t i o n s  where a - c  power i s  r e q u i r e d  c l e a r l y  
does n o t  t ake  f u l l e s t  advantage of p r e s e n t  i n v e r t e r  
c a p a b i l i t i e s .  T o  f i n a l i z e  on one o r  more f re -  
quenc ie s  o r  on s p e c i f i c  d - c  and a-c v o l t a g e  l e v e l s  
f o r  u se  as long-term s t a n d a r d s  i n  t h e  space  p ro -  
gram seems premature a t  t h e  moment, bu t  d e f i n i t e  
s t e p s  t o  e s t a b l i s h  t h e s e  when it  does become p r a c t i -  
cal  t o  do so should be i n i t i a t e d .  
7. The s p e c i f i c a t i o n  of 400-cps s i n u s o i d a l  s o u r c e s  
8. A s  a technology,  power c o n d i t i o n i n g  has  reached 
t h e  p o i n t  of m a t u r i t y  where s t e p s  should  be t aken  
promptly t o  e s t a b l i s h  meaningful  and agreed  upon 
f igures  of merit f o r  power-condi t ion ing  equipment', 
and t o  d e f i n e  s t a n d a r d  t e s t s  and measurement proce-  
du res  . 
I -  
* 
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Ac k n ow 1 e d reme n t s 
I n  t h e  p r e p a r a t i o n  of this r e p o r t  we have f r e e l y  drawn upon 
i n f o r m a t i o n  con ta ined  i n  published a r t i c l e s  and government- 
sponsored - re sea rch  r e p o r t s  t o  such an e x t e n t  t h a t  t o  make full 
r e f e r e n c e  t o  a l l  of t h e  sources  used  would be ex t r eme ly  unwieldy, 
i f  indeed  even p o s s i b l e .  !\'e do,  however, wish t o  p a r t i c u l a r l y  
acknowledge the f c ? l I c x h g  i i i d i v i d u a i s  whom we c o n t a c t e d  d u r i n g  
t h e  p r e p a r a t i o n  of t h i s  r e p o r t  and whose s u g g e s t i o n s  and views 
a l though  n o t  always i n  complete harmony, were of c o n s i d e r a b l e  
a s s i s t a n c e  i n  h e l p i n g  t o  provide  t h e  p e r s p e c t i v e  of t h e  power- 
c o n d i t i o n i n g  f i e l d  which has been r e f l e c t e d  i n  t h e  p reced ing  
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